INTRODUCTION
Mn-Ga compounds have recently attracted much attention because some of these alloys with non-cubic crystal structures exhibit substantial magnetocrystalline anisotropies and high Curie temperature, with potential for permanent magnet, high-density recording, and spin-based electronic devices.
1-4 Mn 3-x Ga (0 x 2) in the tetragonal and hexagonal structures and Mn 2 Ga 5 in the tetragonal structure are the most common Mn-Ga-based phases. An interesting feature of these compounds is that their magnetic properties can be modified by adjusting the elemental compositions to fit a specific practical application. For example, Mn 3 Ga in the tetragonal structure shows relatively small Mn moment (1.19 l B ) and magnetic anisotropy (8.9 Merg/cm 3 ) as compared to that of Mn 2 Ga (2.08 l B /Mn and 23.5 Merg/cm 3 ) in the tetragonal structure. 5 However, Mn 3 Ga in the hexagonal structure exhibits a triangular antiferromagnetic spin order at room temperature. 6 On the other hand, tetragonal Mn 2 Ga 5 has been reported to show ferromagnetism with high coercivity (H c ¼ 4 kOe at room temperature) and a magnetocrystalline anisotropy field of greater than 5 kOe. 7, 8 The observed high coercivity has been attributed to the presence of an unidentified secondary phase which pins the domain walls of the main Mn 2 Ga 5 phase. Recently, a large net magnetization of about 1.36 l B /Mn has been reported for a Mn 2 Ga 5 button annealed at 773 K. 9 Our interest is to investigate structural, magnetic, and electron-transport properties of single-phase Mn 2 Ga 5 , Mn 2 Ga, and Mn 3 Ga films and compare their properties with those of the related compounds prepared by different methods. 1, 5 In this paper, we present our experimental investigation on the crystal structure, magnetic, and electron-transport properties of e-beam evaporated Mn 2 Ga, Mn 3 Ga, and Mn 2 Ga 5 films. 5 were deposited on glass substrates at 873 K to obtain the desired elemental compositions Mn 2 Ga, Mn 3 Ga, and Mn 2 Ga 5 , respectively. The Mn and Ga metals were evaporated at a constant rate of 4 Å /s. The Mn/Ga/Mn multilayer samples were annealed in situ at 1073 K for 1 h, and then were coated with a 20 nm-thick Ti layer to prevent oxidation. The total thicknesses of the annealed films were determined using a Bruker Dektak-XT stylus surface profiling system. Phase compositions were determined by X-ray diffraction (XRD). The magnetic and electrical transport properties of the films were investigated using the Quantum Design Magnetic Property Measurement System (MPMS) and Physical Property Measurement System (PPMS), respectively. The applied magnetic field is parallel to the film plane. Figure 1 shows the XRD patterns of the Mn-Ga films with various compositions and structures. As shown in Figs. 1(a) and 1(b), the diffraction peaks for the Mn 2 Ga 5 and Mn 2 Ga films can be indexed with the standard pattern for their tP14 and tP2 crystal structures. 9, 10 The XRD pattern of Mn 3 Ga indicates that the film has crystallized into the hexagonal hp8 structure, Fig. 1(c) . We note that Mn 3 Ga can be stabilized in a hexagonal structure if it is cooled from a temperature exceeding 830 K, although the tetragonal phase is the most stable one and is obtained by a lowtemperature heat treatment between 725 K and 825 K. 11 We have obtained the tetragonal Mn 3 Ga by reannealing the in situ annealed sample at 800 K for 2 h. All films are a)
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RESULTS AND DISCUSSION
Author to whom correspondence should be addressed. Electronic mail: wenyong.zhang@unl.edu. Figure 2 shows the magnetization as a function of temperature M(T) for Mn 2 Ga 5 , Mn 2 Ga, and Mn 3 Ga films, all in the tetragonal structure, measured between 300 K and 900 K at 1 kOe external field. The M(T) curves are similar to those of ferro-or ferrimagnetic materials. All three M(T) curves have single magnetic transitions (ferrimagnetic to paramagnetic). The Curie temperature (T c ) for the Mn 2 Ga 5 phase is 435 K, close to the reported value, 9 whereas that for the Mn 2 Ga (T c ¼ 679 K) and Mn 3 Ga (T c ¼ 798 K) phases are much higher than that of Mn 2 Ga 5 . These high values of T c compare well with those reported for corresponding bulk ingot and melt-spun ribbon samples.
0021-
12 Figure 3 shows the magnetic-field dependence of magnetization M(H) for the tetragonal and hexagonal Mn-Ga films measured at the room temperature. All tetragonal films (Mn 2 Ga 5 , Mn 2 Ga and Mn 3 Ga) have a coercivity of about 12 kOe. This value of coercivity for Mn 2 Ga 5 is much larger than that reported for its bulk counterpart with an unknown impurity phase. 7, 8 This suggests a high value of magnetic anisotropy in the phase-pure Mn 2 Ga 5 films. The hexagonal Mn 3 Ga shows a smaller coercivity of 3.3 kOe. The M(H) loops of the tetragonal films indicate that the saturation magnetizations are approximately 342, 151, and 183 emu/cm 3 for Mn 2 Ga, Mn 3 Ga, and Mn 2 Ga 5 , respectively.
We have determined the magnetocrystalline anisotropy constants K for the films in the tetragonal structure using the law-of-approach to saturation method, where the high-field part of the M(H) loop is fitted with a standard equation to determine K and the saturation magnetization M s . 13 The values of K for tetragonal Mn 2 Ga 5 , Mn 2 Ga, and Mn 3 Ga are 8, 10, and 7 Mergs/cm 3 and the corresponding values of M s are 239, 359, and 175 emu/cm 3 , respectively. The magnetocrystalline anisotropy field H a ¼ 67 kOe for Mn 2 Ga 5 film calculated using 2 K/M s is close to that of the hexagonal MnBi. 14 The tetragonal Mn 2 Ga film shows the highest value of magnetization in this series which may be attributed to the presence of a relatively high concentration of ferromagnetically coupled Mn-Mn pairs. The hexagonal Mn 3 Ga film also shows small magnetic moment at room temperature, which may be attributed to the uncompensated triangular spins. 15 However, the saturation magnetizations of these Mn-Ga films are smaller than those reported for their bulk counterparts. 5, 9 The low M s in the films may be caused by the significant structural disorder.
Figures 4(a) and 4(b) show the temperature dependence of resistivity q(T) of the tetragonal Mn 2 Ga 5 and Mn 3 Ga films measured at H ¼ 0 kOe and H ¼ 70 kOe. The resistivity was measured using the standard four-point probe method. Both the films are relatively poor metallic conductor with their room temperature resistivities being on the order of 1 mX cm; the resistivity of Mn 2 Ga 5 film is slightly larger than that of the Mn 3 Ga film. As the temperature decreases below 300 K, the resistivities of the films decrease almost linearly and pass through minima near 38 K. As shown in Fig. 4(b) , the linear portion of the q(T) curves of tetragonal Mn 3 Ga (between 50 and 305 K) are fitted with an empirical relation q ¼ q 0 þ aT n , where q 0 and a are constants. The value of the exponent n determined from the fit is 1.34. Below the minimum, the resistivity varies with temperature as a log function:
, where q 0 , c, and d are constants as shown in Fig. 4(c) . 11, 16 The values of the residual resistivity ratio (RRR) defined as q 305 K /q 2 K for the Mn 2 Ga 5 and Mn 3 Ga films are close to one, indicating that the films have substantial structural disorder which would produce spin disorder because of likely antiferromagnetic Mn-Mn interactions. If the low-temperature spin structure has spin-glass-like feature, the conduction electrons may exhibit scattering from a nearly degenerate two-level system as suggested in Ref. 16 . This type of low-temperature resistivity behavior has been observed in other Mn-based magnetic alloys such as disordered cubic Mn 3 Ga. 11 Both samples show positive and small magnetoresistance (0.7% at room temperature). This may be attributed to the spin disorder due to competing ferro-and antiferromagnetic interactions present in the films. As shown in Fig. 4(d) , the room-temperature resistivity of the Mn 2 Ga 5 film increases rapidly with increasing magnetic field up to a critical field which is likely to be associated with the near saturation of magnetization, and then increases slowly with further increase in the external magnetic field.
CONCLUSIONS
Single-phase Mn-Ga films with composition Mn 2 Ga 5 , Mn 2 Ga, and Mn 3 Ga in the tetragonal and hexagonal crystal structures have been synthesized using e-beam evaporation and subsequent in-situ annealing. All the tetragonal films show hard magnetic properties with coercivities of about 12 kOe and magnetocrystalline anisotropy constants of about 10 Mergs/cm 3 . Mn 2 Ga shows the highest value (342 emu/ cm 3 ) of saturation magnetization. Hexagonal Mn 3 Ga shows a small average magnetic moment at 300 K, probably due to uncompensated spins in its triangular spin structure. The magnetizations of the tetragonal Mn-Ga films are smaller than the values reported for bulk materials. All samples show metallic electron transport up to 305 K, and lowtemperature resistance minima, which may be attributed to the presence of structural disorder and scattering from a twolevel magnetic system. The origin of the small positive magnetoresistance in tetragonal Mn-Ga films is explained as originating from antiferromagnetically coupled Mn-Mn pairs. Our results show that the tetragonal Mn-Ga films including Mn 2 Ga 5 have potential for the applications of spin-transfer-torque memory and magnetic micro-electromechanical systems. 
